Proteins of cyanobacteria may be transported across one of two membrane systems: the typical eubacterial cell envelope (consisting of an inner membrane, periplasmic space, and an outer membrane) and the photosynthetic thylakoids. To investigate the role of signal peptides in targeting in cyanobacteria, Synechococcus sp. strain PCC 7942 was transformed with vectors carrying the chloramphenicol acetyltransferase reporter gene fused to coding sequences for one of four different signal peptides. These included signal peptides of two proteins of periplasmic space origin (one from Escherichia coli and the other from Synechococcus sp. strain PCC 7942) and two other signal peptides of proteins located in the thylakoid lumen (one from a cyanobacterium and the other from a higher plant). The location of the gene fusion products expressed in Synechococcus sp. strain PCC 7942 was determined by a chloramphenicol acetyltransferase enzyme-linked immunosorbent assay of subcellular fractions. The distribution pattern for gene fusions with periplasmic signal peptides was different from that of gene fusions with thylakoid lumen signal peptides. Primary sequence analysis revealed conserved features in the thylakoid lumen signal peptides that were absent from the periplasmic signal peptides. These results suggest the importance of the signal peptide in protein targeting in cyanobacteria and point to the presence of signal peptide features conserved between chloroplasts and cyanobacteria for targeting of proteins to the thylakoid lumen.
The endosymbiont hypothesis states that a free-living bacterium established a permanent relationship with a bacteriumlike progenitor (17, 29) . This bacterium-like progenitor evolved into the chloroplasts that we now find in higher plants.
Chloroplasts are considered to be of direct eubacterial origin, evidence pointing specifically to cyanobacteria as the origin of chloroplast DNA (49) . Contemporary cyanobacteria are the simplest oxygen-evolving organisms, whose mechanism of photosynthesis is very similar to that of higher plants (3) .
In the course of evolution, genetic material from the chloroplast progenitor genome was transferred to the nucleus. This necessitated the development of a mechanism for the transport of nuclear-gene-encoded proteins from the cytosol into the chloroplasts. Nuclear-gene-encoded chloroplast proteins are synthesized with an N-terminal extension, called a transit peptide, which directs these proteins to the chloroplast and is subsequently removed by specific proteases (9, 15) .
Chloroplasts contain several compartments which must be traversed by specific proteins. For example, cytosolically synthesized proteins destined for the chloroplast thylakoid lumen must traverse both the outer and inner membranes of the chloroplast envelope, the aqueous stromal compartment, and finally the thylakoid membrane which encloses the lumen. The transit peptides of such proteins contain two independent domains. A stromal transfer domain facilitates the transport of the protein into the stroma, and a thylakoid lumen transfer domain (TLTD) (9) is needed for transport of the protein across the thylakoid membrane (46) . The signal peptides of cyanobacteria and other eubacteria resemble the chloroplast TLTD, in that they contain a positively charged amino-terminal domain, a hydrophobic core sequence, a helical disrupting residue at the carboxyl-terminal domain, and a conserved signal peptidase cleavage site (10) . The similarity of the signal peptides to the TLTD and other evidence point to the presence of a conserved protein-sorting mechanism between chloroplasts and cyanobacteria which can guide protein precursors to the thylakoid lumen.
In addition to thylakoids (26) , cyanobacteria contain another membrane pathway shared by all eubacterial species: a cell envelope consisting of a cytoplasmic membrane, periplasm, and outer membrane (12) . The signal peptides of proteins destined for the cell envelope also contain the conserved features stated previously. This report begins to address the question of what is responsible for the ability of cyanobacteria to discriminate between the two pathways for proper protein destination. To explore the role of the signal peptide in this sorting process, we constructed four chimeric chloramphenicol acetyltransferase (cat) reporter genes with four different signal peptides, selected to examine whether certain signal peptides would target CAT to one or the other membrane pathway in cyanobacteria.
Two of the four signal peptides chosen for this study direct associated proteins to the periplasmic space. These are the signal peptides of Escherichia coli Livk (ecolivk) (34) and Synechococcus sp. strain PCC 7942 RhdA (rhda), encoding the so-called rhodanese-like protein (27) in this cyanobacterium. Both of these peptides have typical features of signal peptides. However, these two signal peptides differ in length, predicted secondary structure, and amino acid sequence. LivK and RhdA are found exclusively in the periplasmic space of E. coli and Synechococcus sp. strain PCC 7942, respectively (27, 34 The other two signal peptides chosen for study are the TLTDs of the plastocyanin precursor of the higher plant Silene pratensis (40) and of the cyanobacterium Synechocystis sp. strain PCC 6803 (6), referred to in this study as sippcy and syppcy, respectively. Plastocyanin is a soluble protein located in the lumen of higher plant chloroplasts, facilitating transport of electrons from cytochrome f of the cytochrome b6dfcomplex to P700 in photosystem I (5 (2) . The cat gene was excised from pRL425 by using SacI and HindIII and cloned into pUC118 (45) . A unique NcoI site was introduced at the translation initiation codon of cat, using site-directed mutagenesis (Amersham). The resultant plasmid, pD7 (Fig. 1 All signal peptide sequences were constructed with a SacI site upstream of the signal peptide's translation initiation codon and with an NcoI site at the 3' end. Signal peptidecoding sequences were then fused to the initiation codon of cat in pD7 by cloning the restriction fragment containing the signal peptide-coding sequence into the SacI-NcoI sites of pD7. This fusion creates a nucleotide sequence which, when translated, encodes a signal peptide which includes several residues of the amino-terminal end of its associated mature protein to preserve a signal peptidase processing site, followed by the entire CAT protein (Fig. 2) 
Silene pratensis plastocyanin TLTD GAGCTC ATG TCA ATC AAG GCC TCC CTT AAG GAC GTC GGT GTC GTC GTT (Sippcy) (20) . Transformants, selected on ampicillin-containing media, were subsequently grown at 37°C in LB broth with ampicillin (125 ,ug/ml) to an A550 of 0.5. In two independent experiments, cells were fractionated into periplasmic, cytosolic, and membrane fractions as described by Cornellis et al. (8) .
The cyanobacterial strain used in this study is a derivative of Synechococcus sp. strain PCC 7942 which is cured of its small plasmid pUH24 and designated Synechococcus sp. strain PCC 7942 R2-SPC (23) [LE m-2 s-1. When the culture reached an A730 of 0.5 (-108 cells per ml), the cells were transferred to 42°C for 1.5 h (13). The shift to a higher temperature induces transcription from the lambda leftward promoter, which is under the control of the temperature-sensitive repressor c1857.
In two independent experiments, the cyanobacterial cells were fractionated into periplasmic space and total soluble proteins by the method of Block et al. (4) . Cytoplasmic membranes, intact thylakoids, and cell envelopes were isolated as described by Murata et al. (31, 33) .
Test for purity of fractionations. All E. coli and Synechococcus sp. strain PCC 7942 subcellular fractions were subjected to discontinuous sodium dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis (PAGE) (25) with a 12 to 15% polyacrylamide resolving gel. Proteins were silver stained by the method of Rabilloud et al. (35) . Protein concentration was determined by the Bradford assay (Bio-Rad). Purity of cytoplasmic membranes, thylakoids, and cell envelopes of Synechococcus sp. strain PCC 7942 was assessed by recording the visible absorption spectra of each of these three fractions, using a Beckman 60 spectrophotometer.
CAT assay. Presence of the CAT protein in the subcellular fractions of E. coli and Synechococcus sp. strain PCC 7942 was determined by a CAT enzyme-linked immunosorbent assay (ELISA) kit supplied by Boehringer Mannheim.
Immunoblot analysis. To determine the extent of proteolytic processing of the signal peptide-cat gene fusion products, Synechococcus sp. strain PCC 7942, transformed with signal peptide-cat constructs, was induced at 42°C to express the signal peptide-CAT fusion protein and then fractionated. Total cell lysates and cell envelope fractions were subjected to discontinuous SDS-PAGE on a 15% polyacrylamide resolving gel. Immunoblotting was performed as described by Towbin et al. (43) . Filters were probed with CAT polyclonal antibodies (5 PRIME -> 3 PRIME). Antigen-antibody complexes were visualized by using chemiluminescent reagents (Dupont NEN) and autoradiography. proteins. Only 20 to 30% of periplasmic alkaline phosphatase was released by osmotic shock (4). In this work, the authors concluded that the lack of full recovery was due to the adherence of the protein to the membranes of the cell envelope. This binding may be the consequence of inefficient isolation procedures for periplasmic proteins of cyanobacteria or may reflect the natural attachment of these proteins to the cyanobacterial cell envelope membranes. Laudenbach et al. (27) used the osmotic shock procedure to isolate a rhodaneselike protein from the periplasmic space, but the recovery of this protein was also incomplete.
Lastly, to ascertain that the large quantity of CAT in the cell envelope is truly due to protein targeting and not due to the inadvertent isolation of a previously undetected insoluble aggregate of unprocessed signal peptide-cat gene fusion product, cell envelope fractions were subjected to immunoblot analysis (Fig. 5) . Immunoblot analysis revealed that the signal peptide-cat gene fusion product of total cell lysates of Synechococcus sp. strain PCC 7942 (heat induced for 1.5 h) had been proteolytically processed at the correct processing site, since the processed CAT migrates to the same position as the purified CAT standard and CAT expressed from the SacI-NcoI linker-CAT fusion protein which contains no signal peptide (data not shown). Unprocessed signal peptide-cat gene fusion product was not detected. The signal peptide-cat gene fusion products in the cell envelopes were also found to be fully and correctly processed, as would be expected for a protein transported across the cytoplasmic membrane. Therefore, a reasonable explanation for the disproportionately high level of CAT in the cell envelope in our fractions is the adherence of periplasmic CAT to the cell envelope.
DISCUSSION
Upon examination of The different distribution patterns of CAT between the cell envelopes and the thylakoids caused by the various signal peptides may be due to the following: (i) a signal peptide-CAT complex is formed that can be recognized by transport factors responsible for selection, or (ii) the signal peptide structure is responsible for membrane system selection. The latter alternative raises two possibilities. (i) Since all four signal peptide-CAT fusion proteins are directed to the cell envelope, the various signal peptides may be recognized to various degrees by the cell envelope transport factors, and the default pathway is through the thylakoid system. The ecolivk and rhda signal peptides would carry features that enhance their interaction with the cell envelope transport machinery, and these features are absent from the sippcy and syppcy signal peptides. (ii) Since the sippcy and syppcy signal peptides interact as well with the thylakoids as they do with the cell envelope, these signal peptides carry not only sequence information necessary for interaction with the cell envelope transport machinery but also sequences that allow efficient interaction with the thylakoid transport machinery.
To examine the possibility that the signal peptide structure is responsible for membrane selection, secondary structures of the four signal peptides used in this study were predicted by the Chou-Fasman and Garnier-Osguthorpe-Robson methods (7, 14) . No significant features in the predicted secondary structures which could provide a basis for the distinction seen between the two selective periplasmic signal peptides and their nonselective TLTD counterparts were evident (data not shown). This does not eliminate the possibility of such a structure's existence, since these secondary structure predictions are, at best, estimates. A comparison of the primary sequences did, however, reveal a difference in the size and distribution of the positive charges at the amino-terminal ends of the signal peptides, as shown in Table 2 . (The positions of the positively charged amino acids are indicated in Fig. 1.) Although the sippcy signal peptide contains two lysines, lysine at position 8 is adjacent to an aspartic acid residue at position 9, leaving sippcy with a net charge of + 1 at the fourth residue.
Therefore, when a comparison is made of the ecolivk and rhda periplasmic signal peptides with sippcy and syppcy, one finds that the positive charge of the two periplasmic signal peptides is spread over a larger number of amino acids. When signal peptide sequences of other Synechococcus sp. strain PCC 7942 cell envelope proteins were examined, they also showed a positive charge spread over an extended area (32, 36, 37 sequences were compared with sequences of the TLTDs and signal peptides of other proteins (Fig. 6) . Serine, glycine, and threonine residues are found to be conserved in position so as to divide the TLTDs of proteins destined for the thylakoid membrane systems of cyanobacteria and higher plants into three regions. The first region contains the positively charged amino-terminal end. The amino acids of the next two regions make up part of the neutral, hydrophobic cores. Plastocyanin TLTDs have an additional fourth region, which encodes the rest of the hydrophobic core. Prokaryotic signal peptides normally carry glycine, serine, threonine, or proline residues (10). These amino acids may play a role in allowing the structure of the signal peptide to change dynamically when leaving an aqueous medium to enter the nonpolar medium of the membrane (10, 38) . However, of 43 E. coli signal peptide sequences examined, only four conformed to this three region sequence pattern, one being ecolivk (Fig. 6) . Although the similarity is not exact, this may explain why some ecolivk-cat gene product was found in the thylakoid fraction (Fig. 4) . It should be noted that none of the known signal peptide sequences of Synechococcus sp. strain PCC 7942 cell envelope proteins conform to this pattern (32, 36, 37) . The manganesestabilizing polypeptide of photosystem II, which is found exclusively in the lumen of higher plant chloroplasts, has recently been reported to be present in both the cytoplasmic membrane and thylakoids of Synechococcus sp. strain PCC 7942 (41) .
Our studies showed that in E. coli and Synechococcus sp. strain PCC 7942, all four signal peptides can interact with the transport machinery of the cell, allowing CAT to cross the cytoplasmic membranes. Thus, the transport machinery of the cell envelope can recognize a wide range of signal peptides differing in length and sequence. The evidence provided in this report also suggests the following: although conformity of signal peptides to the pattern seen in Fig. 6 does not preclude transport to the cell envelope, the three-region sequence pattern may be required to form a specific conformation necessary for efficient interaction with transport factors of the thylakoid membrane system. This pattern is conserved between cyanobacteria and higher plants, thus indicating an evolutionarily conserved feature for the transport of proteins across the thylakoid membrane.
